Observation of three-dimensional optical stacking of microparticles using a single Laguerre-Gaussian beam W Optical stacking of microparticles has been demonstrated earlier using a single focused Gaussian beam, multiple beams from Laguerre-Gaussian ͑LG͒ interference patterns, and Bessel beams. In this letter, we demonstrate that a single focused LG beam has the ability to optically stack multiple high-index microparticles around the intensity annular rings of the LG beam, and thus form a three-dimensional structure. Due to the symmetrically circular shape of the LG, we have been able to stack particles in a circular manner. Hence we propose that this technique of stacking can be extended to optical fields of designed shaped such that the stacking microparticles will be organized according to the shaped of the beam intensity. This is an alternative method to obtain a desired three-dimensional crystalline structure, where shaping the optical vortices beam is used instead of using multiple beams. © 2003 American Institute of Physics. ͓DOI: 10.1063/1.1635079͔
A single Laguerre-Gaussian ͑LG͒ beam has been demonstrated to be more versatile in optical trapping when compared to Gaussian beams. A LG beam has been shown to be capable of simultaneously trapping low and high index microparticles.
1 Furthermore, the LG beams are also able to provide a more stable axial trapping, as compared to a fundamental Gaussian beam, on microparticles of larger size than the focused beam spot. 2 Besides trapping of single microparticles, a weakly focused LG beam also has the ability to trap multiple microparticles around its intensity annular rings thus forming a circular pattern. 3 A focused Gaussian beam has been used to stack microparticles along the propagation direction using the inverted microscope geometry. Both theoretical prediction 4 and the experimental proof 5 of such optical stacking have been investigated.
Macdonald et al. 5 extended such optical stacking by showing that the interference pattern between two LG beams of opposite helicity, which forms a series of intensity spots circling the LG circumference, has the ability to stack multiple microparticles at each of the intensity spots. This will, thus, allow an orderly creation and manipulation of threedimensional optical trapped microstructures.
More recently, the zeroth-order Bessel beam has also been shown to possess the ability to stack multiple microparticles at its nondiffracting core. 6 On top of that, the nondiffracting core has the unique capability of simultaneously manipulating microparticles separated by a distance of 3 mm. 7 In this letter, we demonstrate that multiple high index microparticles are optically trapped and levitated in an orderly fashion around the annular intensity rings of a focused LG beam of charge lϭ3. Furthermore, we also demonstrate that a single LG beam has the capability of stacking multiple microparticles in its intensity annular rings. We show that such stacking is achieved by varying the focus of the LG beam, whereby the focus spot is at a different plane from the sample plane. In other words, by adjusting the focus of the LG beam employed in the inverted microscope geometry, optical stacking of microparticles can be easily achieved.
The LG beam is generated from a computer-generated hologram with dislocations that have been widely employed by most researchers to generate an optical vortex or Laguerre-Gaussian ͑LG͒ beams. 8 The holograms with dislocations are generated on the fact that when a plane wave interferes with a Laguerre-Gaussian beam, shown in Eq. ͑1͒, at an angle, a dislocation is formed.
where L p ͉l͉ is a generalized Laguerre polynomial, w(z) is the radius of the beam at the position z, and z R is the Rayleigh range. In our case, a LG beam of charge 3 is used, where l ϭ3. From Eq. ͑1͒, it can be simplified to Eq. ͑2͒, where
From Eq. ͑2͒ we can see that the optical vortex can be seen as an optical field that possesses a Gaussian beam profile while maintaining a helical phase. In our case, the trapping of the high index microparticles can be described using the well-established ray-optics as the microparticles being trapped are of a larger size than the wavelength in others in the Mie regime. 9 Furthermore, each microparticle trapped in the annular intensity rings can be treated as being trapped in a slightly inclined focused Gaussian beam.
For particles in the Mie regime, the conservation of momentum is used. The forces exerted onto the microparticles are due to the refraction of the light rays. The total force acting on the sphere will be the summation of all the force acting on it. These same forces are explained in terms of scattering force, gradient force, and the total proposed by Ashkin et al. 
where p is the power of the incident light hitting dielectric sphere coefficients, Q is the dimensionless efficiency, n m is the index of refraction of the suspending medium, and c is the speed of light. This means that when a particle encounters the laser beam it will be pushed towards the center of the beam. When the particle's index of refraction is higher than that of the surrounding medium, light gets refracted in the particle, resulting in a gradient force that pushes the particle vertically to the propagation of the laser beam, towards the largest intensity of light. By focusing the light, the gradient force pushes the particle backwards as well. If this force overcomes the propagation force of the laser beam, the particle is trapped. In order for a particle to be stably trapped in three dimensions, the net gradient forces and scattering forces have to be balanced. This means that by adjusting the focus of the laser beam the particles will be trapped at the focal point.
In our experimental results, we managed to trap and levitate particles using the intensity annular rings of the LG beams instead of the focal point of the beam. We demonstrate that by changing the focal point of the beam such that it is below the coverslip of the sample, we were able to make use of the intensity annular rings to trap and levitate multiple particles. Hence the stable trapping region will be the entire circumference of the LG beam instead of just the focal point. Furthermore, the intensity annular rings offer another way of stacking microparticles in an orderly fashion. In other words, we can visualize that the annular rings of the LG beams are like a collection of Gaussians beams around the LG beams, which are slightly inclined due to high focusing of the high numerical aperture of the microscopic objective. Figure 1 shows the experimental setup that is used. In the experimental setup, the LG beam is generated when a Gaussian beam, from a 8.5 W ͑peak power͒, 532 nm Nd:YVO4 solid state laser ͑Verdi V8͒, passes through a computer generated off-axis hologram of charge 3, after collimation. The computer generated off-axis hologram used is imprinted on quartz such as to ensure a reasonable transmission efficiency. A LG beam of lϭ3 has a radius of w o (3/2) 1/2 , is generated at diffractive orders. The LG beam is then directed into the oil-immersion microscopic objective, with 100ϫ and a numerical aperture ͑NA͒ of 1.25, through the epifluorescence path of the Carl Zeiss Axiovert 25. The microparticles used are cellular microspheres of 5-7 m ͑SIGMA͒ of high refractive index of 1.59, which are immersed in deionized water mixed with a small amount of detergent, which increases the mobility of the microspheres. The final sample is then prepared onto a coverslip that will rest on the oilimmersed microscopic objective. In the experiment, we increased the power of the laser to about 1.5 W such that the optical power incident onto the sample is about 100-110 mW.
First, we demonstrate that a highly focused LG beam is able to trap a high index particle at its most focused intensity spot. In Fig. 2 , it can be observed that a high-particle cellular microsphere is levitated to the point of highest intensity, while the surrounding particles are not. This shows that a focal point of the LG beam, due to the high NA, is able to provide a more stable trap than that of intensity annular rings. This experimental result is coherent with the result obtained by Gahagan et al. 1 Next, in Figs. 3 and 4 , we show that by moving the focus point of the LG beam below the coverslip, particles will be trapped and levitated around the annular rings of the LG beam. As the particles are trapped and levitated, the scattering and gradient forces acting on the particles try to balance in each of the particles. In this case, as the particles are of the same size, they will tend to be arranged around the circum- Fig. 4 , microparticles are also able to stack themselves up. The stacking of microparticles shows that the intensity annular rings of the LG could offer three-dimensional stacking. To further show the stacking effect from the LG annular rings, we moved the defocused LG beam to a region with a large number of particles as seen in Fig. 5 .
In Fig. 5 we were able to observe a systematic stacking of multiple particles around the annular rings. The trapping sequence is such that, in Fig. 5 from frame 1 to 12, the LG beam was able to trap seven particles with six of them stacking on top of one another. At frame 12, the seven particles are stably trapped. In order to form a cubic structure, the sample stage is moved to the right by around 7 m such that the LG beam will stack the two particles on the right side. Hence this conclusively demonstrates that a single LG beam with a symmetrical radial intensity pattern has the capability to create three-dimensional structures, which is illustrated in Fig. 6 .
In conclusion, we have shown that the LG beam possesses the capability to trap, levitate, and stack multiple particles in an orderly fashion around the intensity rings of the LG beam. Such trapping can be demonstrated by defocusing the LG beam such that the focus point of the LG beam is below the coverslip. This result showed yet another trapping property, that of a LG beam, in addition to the ability to trap high and low index particles and set microparticles into a rotation. 10, 11 On top of that, we suggest that such a technique of stacking can be extended to optical fields of designed shaped such that the stacking microparticles will be organized according to the shape of the beam intensity. This is an alternative method to obtain a desired three-dimensional crystalline structure by shaping the optical vortices beam 12, 13 instead of using multiple beams. 
